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Summary
Sound scattering due to atmospheric turbulence limits the noise reduction in shielded areas. An en-
gineering model is presented, aimed to predict the scattered level for general noise mapping purposes
including sound propagation between urban canyons. Energy based single scattering for homogeneous
and isotropic turbulence following the Kolmogorov model is assumed as a starting point and a satu-
ration based on the von Kármán model is used as a ﬁrst-order multiple scattering approximation. For
a single shielding obstacle the scattering model is used to calculate a large dataset as function of the
eﬀective height of the shielding obstacle and its distances to source and receiver. A parameterisation
of the dataset is used when calculating the inﬂuence of single or double canyons, including standard-
ised air attenuation rates as well as façade absorption and Fresnel weighting of the multiple façade
reﬂections. Assuming a single point source, an averaging over three receiver positions and that each
ground reﬂection causes energy doubling, the ﬁnal engineering model is formulated as a scattered
level for a case without canyon and a correction term for the eﬀect of a single or a double canyon
case, assuming a ﬂat rooftop of the shielding building. Input parameters are, in addition to geometry
and sound frequency, the strengths of velocity and temperature turbulence.
PACS no. 43.20.Hq, 43.28.Js
1. Introduction
When acoustic shadow regions appear, enhancing ar-
eas with sound weaker than the free ﬁeld level, the
sound scattering by turbulence grows in importance.
The shadow regions of interest here are those caused
by shielding objects such as buildings and other noise
barriers. Acoustic shadows caused by upward refrac-
tion are similarly aﬀected but not focus of the cur-
rent study. The turbulence of the atmospheric sur-
face layer has previously been shown to increase the
noise level behind barriers, mainly at higher sound
frequencies (e.g. [1]). In ﬁrst estimates, the turbulent
ﬂow actually caused by a noise barrier itself, has been
shown to lead to less signiﬁcant scattering [2]. Pre-
vious studies have shown that models using energy
based single scattering approximations are well ap-
plicable to the problem (e.g. [3, 4]). Even though a
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higher precision is expected by using wave-based mod-
els, as the parabolic equation method (e.g. [5, 6]), the
ﬁnite-diﬀerence time-domain method (e.g. [7]) or the
equivalent sources method [8], the single scattering
approximation is considered to be accurate enough
to serve as basis for an engineering model; in addi-
tion, having large beneﬁts in computational cost. The
scattering model developed in [4], based on [3] and
on theory known from literature (e.g. [9, 10, 11]), has
been used, in simpliﬁed forms, in engineering models
for noise mapping purpose [12, 13]. In the present pa-
per the aim is to present an engineering model that is
more generally applicable, i.e. for built up areas with
street canyons and inner yards, in addition to a single
screen on ground. Below, we describe the underlying
scattering cross section model, the development of a
numerically eﬃcient model for non-canyon situations,
a parameter study for canyon situations and the sug-
gested engineering model for general urban situations,
followed by conclusions.
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2. Model development
2.1. Underlying scattering cross section
model
Using the scattering cross section by Tatarskii [9],
Daigle [3] created a model for the total scattering into
the shadow region created by a noise barrier, as brieﬂy
described here for convenience. The scattered inten-
sity, or here rather the mean square acoustic pressure,
p˜2, can be written as an integral over a volume V , as
p˜2 =
∫
V
p˜20
σ(θ)
r2
dV, (1)
where p0 is the incoming, undisturbed pressure from
the source, σ(θ) the scattering cross section as a func-
tion of the scattering angle θ, and r the distance from
the point in volume V to the receiver, where V is de-
ﬁned as all points above the lines of sight from both
the source and the receiver to the barrier top (see [3]
for further details). Ostashev describes the derivation
of the scattering cross section as well as diﬀerent tur-
bulence models [11]. For the work made here, a homo-
geneous and isotropic von Kármán turbulence model
has been used. Within the inertial range of the turbu-
lence, the scattering cross section is identical to the
one for the more simpliﬁed Kolmogorov model, which
can be written
σ(θ) = 0.03k1/3
cos2 θ
sin(θ/2)11/3
(
C2v
c20
cos2
θ
2
+ 0.14
C2T
T 20
)
,
(2)
where k is the acoustic wave-number (k = 2πf/c0,
with f the sound frequency and c0 the mean sound
speed), Cv and CT the structure parameters of ve-
locity and temperature ﬂuctuations, respectively, de-
scribing their partial turbulence strengths, and T0 the
mean temperature in Kelvin.
2.2. Development of a turbulence scattering
model for non-canyon situations
Inherent in the above described modelling is the as-
sumption of a single scattering approximation. In an
improved model the incoming pressure, p˜0, in Eq. (1),
would be altered due to multiple scattering as well
as due to the barrier diﬀraction. A ﬁrst order correc-
tion for multiple scattering could be to remove the
intensity from the incoming ﬁeld that is estimated
to already have been lost due to scattering by vol-
ume elements closer to the source. Here, however, a
slightly diﬀerent approach has been taken, where the
scattering is limited by a saturation determined by an
assumed smallest value of turbulence strength, as fur-
ther described below. In addition, for use in a noise
mapping model, the scattering should be limited so
that scattered plus diﬀracted intensity does not ex-
ceed that of the open ﬁeld, i.e. without barrier.
To reduce the numerical cost for evaluating the in-
tegral of Eq. (1), the integration is made analytically
for constant θ-values, i.e. in the azimuthal direction to
the source–receiver line, as described previously [14].
Furthermore, since the integrand is a relatively slow-
varying function of space, a ﬁne discretization is not
needed. Here a grid spacing of 1 m has been used,
and the height and length of the integration domain
is limited to about the size of the source–receiver dis-
tance.
It is evident from Eqs. (1-2) that, if the two terms
corresponding to velocity and temperature ﬂuctua-
tions are kept separate, the integrals can be calcu-
lated for a given geometry, and the dependence on
the factors k1/3, C2v and C2T can be inferred later.
The eﬀects of varying the sound frequency and
the strengths of velocity and temperature turbulence
as well as modelling the air attenuation and the
scattering saturation are studied at a later stage.
First, the total scattered level is estimated, relative
to free ﬁeld, for a set of geometries and for unit
turbulence strengths (C2v = 1 m4/3/s2 respectively
C2T = 1 K
2/m2/3). In the set of geometries, the screen
height, h, is varied in M = 20 logarithmic steps from 4
to 80 m. The distances to the screen, from the source,
dS , as well as from the receiver, dR, are each varied in
N = 25 logarithmic steps from 10 to 500 m. Thereby
a dataset of M × N × N = 12500 cases is created
(the actual number of calculations is 6500 since only
the upper triangle of each N ×N matrix needs to be
calculated, due to symmetry).
For each source–screen distance, a planar ﬁt is made
to the scattered level as function of the M ×N points
of varying screen height and screen–receiver distance
(in log coordinates). Since a plane can be described
by a 3×1 vector of coeﬃcients, these vectors are com-
puted and stored for each of the N planes of source–
screen distances. Their values are appended in Tables
III and IV [should be referred to as Tables A1 and A2],
for velocity and temperature turbulence, respectively,
where the geometric variables have been normalized
by dS , which turns out to be preferable for later use.
When the result for a new geometry is to be calcu-
lated, an interpolation between the set of vectors can
be made for the wanted source–screen distance, and
the found 3×1 vector of plane coeﬃcients can be used
to estimate the scattered level for the screen height
and screen–receiver distance of interest. If the source
and the receiver are not on the same height, the input
geometry to the model is ﬁrst rotated. (The geometry
is shown in Figure 1.) An example estimate of scat-
tered levels were calculated assuming a source–screen
distance of dS = 40 m. The interpolation then uses
values at dS =36.8 and 43.4 m, which are the two
nearest dS values used in the precalculation of the
data set. The results are compared with those of a di-
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rect calculation for dS = 40 m, as shown in Figures 2
and 3. The maximum errors for these results are less
than 3 dB for screen heights varying between 5 and
40 m, and screen–receiver distances varying between
10 and 100 m, for both velocity and temperature tur-
bulence. The mean error is within ±0.2 dB and the
standard deviation of the error (i.e. the standard er-
ror) is about 1 dB. Hence, the model based on this
precalculated dataset can be used for calculating the
amount of turbulence scatting in non-canyon cases,
i.e. with a single obstacle (a building or other noise
barrier) and no further reﬂecting façades.
2.3. Parameter study for urban canyon situa-
tions
For the canyon situations, ﬂat roofs have been as-
sumed and the default cases have equal roof height.
Looking at Figure 4, where the geometric parameters
are explained, the default double canyon cases have
HS = HR = HI , whereas for single canyon cases ei-
ther HS or HR is zero, and for cases without canyon,
both HS and HR are zero. In the parameter study, the
sound frequency and the geometric parameters were
varied including three horizontally spaced receiver po-
sitions. The number of parameters, their range of val-
ues and other input data are shown in Table II.
Entirely, the set of calculations consisted of 225792
separate cases, including the 8 frequencies. To calcu-
late the scattered level, relative to free ﬁeld, for each
case, the scattering is added energy wise for the dif-
ferent reﬂection orders. Reﬂection order zero means
that the sound has not been reﬂected in any façade;
reﬂection order one means one façade reﬂection, in ei-
ther source or receiver canyon; etc. The reﬂections are
reduced by assuming an energy absorption coeﬃcient
of the façades of α = 0.2, independent of frequency.
An additional cause for energy reduction at reﬂection
is modelled by a Fresnel number criterion, which re-
duces the reﬂections that are suﬃciently close to the
edge between façade and roof. For this model, the
Nord2000 methodology for vertical surfaces has been
used [12, Section 5.20], except an adaptation to an
energy scattering based model (by using 10 log10(S)
instead of 20 log10(S), where S is the eﬀective sur-
face within the Fresnel-zone). The eﬀect of ground is
modelled as a doubling of energy both at the source
side and at the receiver side. The used receiver height
is yR = 1.5 m and can be seen as an approximation
also for the commonly used receiver height of 4 m. In
the calculations, reﬂections up to order m = 15 were
used, which, for these settings, was shown by numer-
ical tests to give converging results.
Since the single scattering approximation leads to
overprediction at longer distances, a saturation of the
scattering is modelled. This is done by multiplying the
scattered energy by exp(−2xk2JvonK), where x is the
horizontal range of propagation and JvonK = 10−8 m.
Here, k2JvonK is the total extinction coeﬃcient ac-
cording to the von Kármán model [11], and the value
of JvonK has been estimated from assuming a rather
small outer length scale of L0 = 10 m and small val-
ues of the structure parameters, such that C2v/c20 and
C2T /T
2
0 approximately equals 10−8 m−2/3 in the ex-
pression
JvonK =
3
10
π2AK
−5/3
0
(
4
C2v
c20
+
C2T
T 20
)
, (3)
where K0 = 2π/L0.
Furthermore, the eﬀect of air attenuation is taken
into account, with a level reduction in proportion to
the horizontal range, x, using standardized attenua-
tion rates as function of frequency 1.
When calculating the contribution of each reﬂec-
tion, the scattered level for the corresponding path in
the non-canyon situation is ﬁrst found by interpola-
tion between the pre-calculated set of vectors (from
Tables III and IV). Then the eﬀects of façade absorp-
tion, Fresnel weighting, air attenuation and scattering
saturation are included before the contributions from
all reﬂections are added.
2.4. Engineering turbulence scattering model
for general urban situations
For the engineering models, the results from the pa-
rameter study are ﬁrst energy averaged over the three
horizontally separated receiver positions. One quarter
of the calculated cases are for both HS and HR being
zero, i.e. situations without any canyon. It turns out
that these 18816 cases are well approximated by a lin-
ear ﬁt of geometric variables log10
h
d0
and log10
h2
dSdR
,
in addition to 103 log10
f
f0
, where d0 = 10 m and
f0 = 1000 Hz have been used and where the geo-
metrical distances, as depicted in Figure 1, now are
interpreted as the eﬀective distances from the source
to the mid receiver position over a thin screen. The
resulting model for the scattered level, relative to free
ﬁeld, in situations without canyon, Lp, scat, no canyon,
is written as follows.
Lp, scat, no canyon = b1 + b2 log10
h
d0
(4)
+b3 log10
(
h2
dSdR
+ 
)
+
10
3
log10
f
f0
dB,
where the values of bi (i = 1, 2, 3) are given in Ta-
ble I and where  is inserted in order to reduce the
scattered level when outside of the domain used in
1 Applying values from ISO 9613, part 1, for standard atmo-
spheric conditions with a relative humidity of 70 %, a temper-
ature of 20◦ C and a static pressure of 101325 Pa.
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the parameter study, with a value of 0.0012, given
by numerical tests. Comparing the engineering model
with the detailed results of the parameter study, the
standard error is about 2 dB for both velocity and
temperature turbulence.
The derived model of the scattered level in the
canyon case, Lp, scat, canyon, is given as a correction
term to the level for the non-canyon case:
Lp, scat, canyon = Lp, scat, no canyon +ΔLγ . (5)
The correction term ΔLγ is estimated as follows
(with H0 = 10 m).
ΔLγ = γ1 + γ2 log10
HI
H0
, (6)
γ1 =
{
7, if single canyon
14, if double canyon
,
γ2 =
⎧⎪⎨
⎪⎩
2HI/WS , if single canyon, on source side
2HI/WR, if single canyon, on receiver side
2HI(1/WS + 1/WR), if double canyon
.
For the above model with canyons, the standard
deviation of the error is about 6 dB, for both the ve-
locity and temperature turbulence scattering. Even
though further accuracy improvements of the model
are possible, the balance between simplicity and ac-
curacy is deemed appropriate for the purpose of engi-
neering noise map calculation models.
For an intermediate height of HS or HR, i.e. be-
tween 0 and HI , it is suggested that a linear inter-
polation of the level is used. Calculated results (not
presented here) have shown that the scattered level is
a monotonically increasing function with the height
of HS or HR. The rate of increase is higher closer to
HI , whereby the linear interpolation corresponds to
a conservative estimate in the sense of rather over-
estimating than underestimating the scattered level.
Furthermore, as HS or HR approaches HI , the level
converges toward a maximum, whereby results for val-
ues of HS or HR larger than HI can be taken as those
at HI .
Suggested starting values of the structure parame-
ters for fairly strong turbulence are C2v = 1.2 m4/3/s2
and C2T = 0.4 K
2/m2/3. It could be noted that, in
relation to typical values in literature, the values sug-
gested here are relatively large; however motivated
by previous results [4], where measured values of the
structure parameters in a setting with a thick noise
barrier were used as input to scattering predictions
of the sound ﬁeld, which were compared with mea-
sured acoustic data. The suggested values are also
in the same order as those found in a recent study
[15]. Furthermore, in [16] the model described here,
together with the suggested turbulence strength, have
been used for three shielded urban cases, resulting in a
largely improved agreement with measured data com-
pared with assuming no scattering by turbulence.
Since the model presented here assumes a point
source in a domain that varies only in two dimen-
sions, it is suggested that a so-called 2.5D approach is
used for sources further down the road, and the width
of the intermediate building is taken as the length of
the source–receiver line occupied by the building. It
could also be stressed that, for use in noise mapping
models, the scattering should be limited so that the
total level including diﬀraction does not exceed that
predicted for open ﬁeld.
3. Conclusion
A previously established turbulence scattering cross
section model for a single noise screen has been used
to develop an engineering model for a general urban
situation with the possibility to account for a street
canyon and an inner yard, assuming homogeneous and
isotropic turbulence. As an intermediate step, a nu-
merically eﬃcient model was developed, which was
also made to account for multiple facade reﬂections,
and then used for a parameter study. Using the results
of the parameter study, the engineering model was de-
veloped with the aim to balance computational cost
and accuracy. Studying the error for the case with-
out canyons, the engineering model showed an overall
standard deviation of about 2 dB in relation to the
intermediate model, which in turn showed an error of
about 1 dB in relation to the starting model. Hence,
by assuming additivity of the variances, the total er-
ror can be estimated to have a standard deviation of
less than 3 dB. With canyons the standard deviation
of the error increases further, up to about 6 dB.
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Figure 1. Geometric set-up for single noise barrier.
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Figure 2. Comparson between originally calculated results (grayscale surface) and the best ﬁt plane (black grid) for
f0 = 1000 Hz, C2v = 1 m4/3/s2 and C2T = 0.
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Figure 3. Comparson between originally calculated results (grayscale surface) and the best ﬁt plane (black grid) for
f = 1000 Hz, C2v = 0 and C2T = 1 K2/m2/3.
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Figure 4. Geometric set-up for urban canyon situations.
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Table I. Linear ﬁt coeﬃcients for velocity and temperature turbulence.
Velocity Temperature
turbulence turbulence
b1 = −52.8 + 10 log10 C2v −49.6 + 10 log10 C2T
b2 = 11.3 11.5
b3 = -17.1 -13.1
Table II. Input data to parameter study of turbulence scattering for urban canyon situations. The geometric parameters
are explained in Fig. 4. The last ﬁve parameters are the maximum reﬂection order, m, the façade’s energy absorption
coeﬃcient, α, the sound speed, c0, the octave band centre frequencies, f , and the air attenuation, β.
HI = 5 10 20 40 [m]
HS , HR = 0 HI [m]
WI = .1 1 10 20 40 200 [m]
WS , WR = 5 10 20 40 80 160 320 [m]
xS = .5WS [m]
xR = .05WR .5WR .95WR [m]
yS = .5 [m]
yR = 1.5 [m]
m = 15 [-]
α = .2 [-]
c0 = 340 [m/s]
f = 31.5 63 125 250 500 1k 2k 4k [Hz]
β = .023 .090 .34 1.1 2.8 5.0 9.0 23 [dB/km]
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A. Tabulated coeﬃcients used for pa-
rameter study
Table III. Values of coeﬃcients to deﬁne the planes of scat-
tered levels for a unit strength of velocity turbulence, i.e.
C2v = 1 m4/3/s2 and C2T = 0, at f = 1000 Hz, for vary-
ing values of the source–screen distance, dS . The scattered
level relative to free ﬁeld is Lp,scat = a1+a2 log10(dR/dS)+
a3 log10(h/dS) dB, where dR is the screen–receiver dis-
tance and h is the screen height. For intermediate values
of dS , interpolation is used.
dS a1 a2 a3
[m] [dB] [dB] [dB]
10.0 -61.6 17.9 -19.5
11.8 -60.2 17.6 -20.5
13.9 -59.0 17.3 -21.4
16.3 -57.9 17.1 -22.4
19.2 -56.9 16.8 -23.2
22.6 -56.0 16.6 -23.9
26.6 -55.3 16.4 -24.5
31.3 -54.5 16.3 -24.9
36.8 -53.9 16.2 -25.2
43.4 -53.2 16.2 -25.3
51.0 -52.5 16.2 -25.3
60.1 -51.8 16.3 -25.2
70.7 -51.0 16.4 -25.0
83.2 -50.1 16.6 -24.7
98.0 -49.1 16.7 -24.3
115 -48.0 16.9 -23.8
136 -46.8 17.1 -23.3
160 -45.5 17.3 -22.7
188 -44.2 17.4 -22.2
221 -42.9 17.6 -21.7
261 -41.5 17.7 -21.2
307 -40.2 17.8 -20.7
361 -38.9 17.9 -20.3
425 -37.6 17.9 -19.9
500 -36.3 18.0 -19.5
Table IV. Same as in Table III except for a unit strength of
temperature turbulence, i.e. C2T = 1 K2/m2/3 and C2v = 0.
dS a1 a2 a3
[m] [dB] [dB] [dB]
10.0 -58.3 14.9 -11.6
11.8 -57.1 14.5 -12.0
13.9 -56.0 14.2 -12.5
16.3 -54.9 13.9 -13.0
19.2 -53.8 13.6 -13.5
22.6 -52.9 13.3 -14.0
26.6 -52.0 13.1 -14.5
31.3 -51.2 12.9 -14.9
36.8 -50.5 12.8 -15.3
43.4 -49.7 12.6 -15.6
51.0 -49.1 12.6 -15.8
60.1 -48.4 12.5 -16.0
70.7 -47.7 12.5 -16.1
83.2 -47.0 12.5 -16.1
98.0 -46.2 12.5 -16.1
115 -45.4 12.6 -16.0
136 -44.6 12.6 -15.8
160 -43.6 12.7 -15.6
188 -42.7 12.8 -15.4
221 -41.7 12.8 -15.2
261 -40.6 12.9 -14.9
307 -39.6 12.9 -14.7
361 -38.5 13.0 -14.4
425 -37.4 13.0 -14.2
500 -36.4 13.0 -13.9
